Synchrotron facility and used for photo-ionization detection of reaction products in a new universal crossed molecular beams machine. A description of the machine and its performance is presented.
Initial experiments on the photodissociation of Methylamine (CH 3 NH 2 ), Ozone (0 3 ), Oxalyl chloride ((OCCI) 2 ) as well_ as the re~ctive scattering of Cl with C 3 H 8 show many of the advantages of photoionization in comparison to electron impact ionization, which has been exclusively used in such instruments in the past. "Momentum matching" of reaction products is much more easily accomplished than in electron impact studies due to the complete suppression of dissociative ionization. Th~ tunability of the VUV radiation can be used to suppress background from residual gases especially when it is desired to detect free radical reaction products. Even when the tunability cannot be used to suppress -background, the fact that little heat is generated by the ionizing beam allows background to be substantially suppressed by cryogenic pumping. The energy resolution of the apparatus is comparable to instruments that have previously been designed with electron impact ionization which have more than twice as a long of a flight path. This new instrument provides outstanding performance for fundamental studies of chemical dynamics. 
Introduction
The development of universal crossed-molecular-beams instruments, originally reported in this journal {1), has aided the improvement of our understanding of bimolecular and unimolecular chemical reactions. Copious and fundamental information has been derived bn: primary reaction mechanisms, product angular distributions, partitioning of reaction exothermicity between product internal and translational energy, as well as the dependence of reaction cross-section on collision energy,' impact parameter and reactant orientation (2) . Central to the usefulness of such an apparatus is its ability to deliver time-of-flight (TOF) spectra of all chemical or photochemical reaction products as a function of laboratory recoil angle.
Such experimental data can be analyzed to yield the center-of-mass frame differential scattering crosssection, or "product flux map", a fundamental quantity that reflects the interatomic forces governing the reaction. Up until now, all universal crossed-molecular-beams instruments have relied on electron impact ionization (EI) mass spectrometry to provide sensitive, time-resolved product detection. Using EI, a product flux smaller than 10 4 molecules cm· 2 s· 1 (0.1 molecule cm· 3 at a velocity of 10 5 cm/s) can be detected with a time response better than 10-6 s.
Despite its success, EI possesses several significant disadvantages. First and foremost, EI often results in dissociative ionization of the neutral reaction product. In this case, the reaction product is not detected with a mass-to-charge ratio (rn/z) equal to the mass of the neutral. This can greatly complicate the identification of reaction products particularly when several reaction channels occur simultaneously.
Second, EI, which requires a hot filament (Truament = 2000-3000 K), increases the background partial pressure .
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of many species present in the detector chamber increasing the background upon which the signal must be detected. Third, EI's universality, its chief advantage, is also one of its biggest disadvantages. As an example, it is nearly impossible to construct a high vacuum chamber out of stainless steel and lower the CO Photo-ionization'(PI) overcomes all ofthese problems. First, when the wavelength is tuned below the dissociative ionization potential of a molecule it is a "soft" (non-dissociative) ionization method.
Reaction products of mass, m, will be detected as ions with mass to charge ratio of m. Second, PI does not generate signific;mt amounts of heat (-20 mW in comparison to 20 W for electron impact). Thus it can be employed in concert with cryogenic pumping methods. In this way the ionization region itself may be cooled with Liquid Helium, further suppressing the partial pressure of many background gases. Third, PI can be universal and selective, since the wavelength of the light may be tuned. For example, the wavelength tunability can be used to suppress background due to the most common residual gases, CO (I.P. = 14.01 eV), CH 4 (I.P. = 12.51 eV), H 2 0 (LP. = 12.61 eV), H 2 (I.P. = 15.43 eV). The tunability may also be employed to detect products with different amounts of internal energy since the ionization threshold of a molecule depends on its energy content. Finally, PI is not subject to space charge effects, since photons are, not charged. Therefore, light can be focussed much more tightly than can electrons. Consequently, one can produce very small ionization volumes which provide high time resolution for TOF measurements.
FurtHermore, there is no fundamental physical limit to the ionization efficiency. As greater and greater VUV flux becomes available, higher and higher detection sensitivity can be achieved~
Despite its clear desirability, vacuum ultraviolet (VUV) PI has never been implemented in a -3-universal crossed molecular beams machine. In this paper we describe the design and performance of a new crossed molecular beams machine which utilizes the ALS . as a source of ionizing radiation. With this machine we have succeeded in demonstrating all ofthe advantages mentioned in this introduction.
Apparatus Description

a. Design criteria
The design criteria for a crossed molecular beams machine have been previously discussed (1). The apparatus must contain two collimated supersonic molecular beams which cross one another at a distance from the nozzles such that the probability is negligible for a molecule in the first beam to suffer more than one collision with molecules in the second beam. Furthermore, the probability for collisions between molecules in different molecular beams must be much larger than the probability for intrabeam collisions as well as collisions of molecules in one of the molecular beams with background gas. In order to ensure these "single collision conditions", the density of the molecular beams should in the rage of 10 In order to detect this small sample, special steps must be taken to reduce the background partial pressure of residual gasses as well as gasses that enter the detector due to the operation of the molecular beams. This requires that the detector be extensively differentially pumped and techniques of ultrahigh vacuum be employed. The beam sources and the detector must also rotate with respect to one another in order that the complete product flux map be obtained. 
b. Overview of the machine and description of the Vacuum system
One of the most important considerations in the design of an instrument such as this one is the differential pumping system which allows for production of intense continuous or pulsed molecular beams in one part of the machine operating at pressures up to 1 o-2 torr, while maintaining ultra-high vacuum (p 101 I < 5 x 10" 11 torr) for a mass-spectrometric detector in another part of the machine. We have chosen magnetically levitated turbo molecular pumps to fulfill the design requirements. Unlike diffusion pumps these pumps may be mounted in any orientation and move with the rotating sources. Furthermore, since they -5- have no pumping or lubricating fluid, the entire instrument may be made oil-free. Fast-trip gate valves together with differential pumping stages located between the synchrotron ring and the end-station prevent vacuum loss in the molecular beam machine from affecting the synchrotron ring.
An overview schematic of the machine is shown in fig. 1 . Two molecular beam sources, fixed at a 90° crossing angle, rotate together with respect to the detection axis. The molecular beam source assembly can be rotated from -20° to 110° degrees so that both beams may point into the detector for beam diagnostic purposes. Each of the two molecular beam sources consist of two separately pumped chambers, a source chamber and a differential pumping chamber. These four chambers are pumped, respectively by two source pumps (high-throughput chemically resistant 2000 Ns turbo-molecular pumps --Seiko Seiki STPH2000C) and two differential pumps (a 250 Q/s Osaka TG250M and a 400 Q/s turbo-molecular pump--Seiko Seiki STP400). All four pumps are magnetically levitated and can be held at any orientation. Three of the four pumps are attached directly to the rotating source assembly and move when the source is rotated. One of the differential pumps is attached to a fixed "buffer chamber" which is sealed by a rotating vacuum seal to the source chamber. During operation, the source chamber's pressures are typically 10" 3 torr and the differential pumping chamber's pressures are 1 0" 5 torr.
The main interaction chamber is a large stainless steel cube, evacuated by a 2000 Q/s turbo molecular pump (Seiko Seiki STP2000C) backed by an oil free scroll pump (Edwards ESDP-30), which holds the rota~ing source assembly. The main chamber is continuously cryo-pumped by large liquid nitrogen cooled panels which line the walls of the chamber. The main chamber pressure is typically 10· 8 torr during operation.
A large square port on the interaction chamber is keyed to align the detector to the rotation axis of the sources and the crossing volume of the molecular beams. The detector has four differentially pumped chambers. The first two (labeled I and II in fig. 1 ) are pumped by 300 Q/s turbo molecular pumps (Seiko Seiki STP300) and reduce the main chamber pressure effusing into the detector to -1 o-
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-6-( and 10" 10 torr, respectively. Region III is a dual walled liquid nitrogen dewar, pumped by a 600 Q/s turbo molecular pump (Seiko Seiki STP600) housing an electron impact ionizer, a cryo-cooled region for PI and ion optics to transport the ions to region IV. The PI region is housed within a liquid Helium cooled shroud, whose temperature can be reduced to as low as 25 K. The ultimate pressure of region III is lower than l.5x10· 11 torr, which was the typical operating pressure in region III.
Regiqn IV holds the Quadrupole (Extrel) mass spectrometer and standard Daly ion counter (4) and is pumped by a 300 Q/s magnetically levitated turbo molecular pump (Seiko Seiki STP300). All four turbo pumps on the detector are backed up by a 250 Q/s magnetically levitated turbo pump (Osaka TH-250MC), which is then backed up by an oil free scroll pump.
Despite this extensive pumping scheme, molecules which pass directly through the detector's differential pumping apertures along a line connecting the beam crossing volume and the ionization volume are immune to differential pumping and limit the lower level of the background in many experiments. Because the inean free path in the interaction chamber is of kilometer length, these "direct-through" molecules must desorb from surfaces which lie in the detector's viewing window, behind the beam crossing volume. To eliminate these molecules, a cryogenically cooled Copper plate is placed behind the molecular beam crossing volume and within the detector viewing window. When cooled to @30K little that adsorbs on this Copper plate can desorb ·into the detector.
c. Details of the Rotating Source, Main and Detector Chambers
The dual molecular beam rotating source assembly was one of the most complex parts of the machine to design. There is insufficient room to mount four large turbo molecular pumps on the roof of the source. So, the The main chamber has two large rectangular ports (as can be seen more clearly in the 3-D rendering of fig. 5 ). One of these is used to align the detector to the rotation axis of the source. The second is used for access to the interaction chamber and to the source chambers. Three long thin tubes parallel to the rotation axis are located 4, 6, and 10 inches away from the rotation axis and allow for entry of the VUV synchrotron radiation. The entire machine may be translated (after venting to atmosphere) along precision case-hardened stainless steel rails to allow for entry of the VUV light at -8-either of these three locations or along the axis of rotation.
The detector is shown inserted into the large rectangular port ofthe main chamber in fig. 1 . Three views of the first two differential pumping chambers are also-shown in fig. 6 . Under normal operation, the PI volume is located 6" from the rotation axis of the source. In this arrangement the 2" CF flange shown in figure 6 section B-B connects to one of the synchrotron entry ports of the main chamber . A spacer may be inserted between the detector and the main chamber to increase the distance between the rotation axis and the PI volume to 10". For bake out, the detector can be removed entirely from the main chamber maintaining high vacuum.
d. The synchrotron radiation source and gas filter
The Advanced Light Source (ALS) is one of the first low emittance, third generation synchrotron radiation facilities available (5) . The design of the ALS is optimized for insertion devices J (e.g. undulators and wigglers) which produce tunable VUV to soft X-ray radiation with much higher photon flux than bending magnets. These insertion devices, in particular undulators, offer the world's brightest sources ofVUV light with a large duty factor. The raw undulator output is greater than 10 high-K value which is required to efficiently produce VUV light at energies as low as 5 eV, substantial radiant power is emitted in the undulator's harmonics. For use in crossed molecular beams experiments these are undesirable, since they le~d to dissociative ionization. Special measures must be taken to reduce the intensity of the harmonics. Fortunately, losses on the mirrors needed to guide the undulator output to the crossed molecular beams machine strongly attenuate the contribution from harmonics above 100 eV, and virtually eliminate everything higher than 500 eV, while at the same time directing
and focusing the beam as desired.
One drawback of thin film filters and mirrors is a transmission gap ranging from the lithium fluoride cutoff at 11 eV to about 35 eV. For soft PI, this region is of considerable importance, since the third harmonic dominates the spectrum of the undulator harmonics and 11-12 e V will be frequently used for the fundamental. These considerations prompted us to develop a windowless harmonic filter employing rare gas (argon or neon) as the filter medium with differential pumping serving to preserve the beamline vacuum. The design characteristics of this device and its performance have been measured using a Transmission Grating Spectrometer and have been recently reported (6) (7) (8) . For all intents and purposes the higher harmonics are completely removed by the gas filter.
Performance of the apparatus: Preliminary Results
The machine is designed for two different kinds of experiments, which are presented here. First, a molecular beam may be crossed with the output of a pulsed laser which enters the machine along the rotation axis ofthe source assembly. The photofragments' arrival time distribution at the detector is then measured at a number of laboratory recoil angles. Second, two crossed molecular beams produce chemical reaction products. The products lab frame angular distribution can be obtained by measuring the signal intensity at different recoil angles. Alternatively, a slotted chopping wheel can be used to obtain the velocity distribution of the reaction products. In both of these experiments the center-ofmass frame velocity distribution of the products is derived using standard forward convolution methods.
a. Photodissociation of Methylamine at 193 nm
In order to help evaluate the performance of this instrument, a molecular beam of methylamine ( 5% CH 3 NH 2 seeded in He) was crossed with the output of an Argon Fluoride excimer laser operating at 100Hz, producing 10 mj/pulse of light at 193 nm. Photodissociation of methylamine at 222 nm has -10-I been previously studied using EI (9) . Evidence for a minor photodissociation channel was found in that work.
R-1 (1%)
Detection ofthe products of this reaction is a "worst-case" example ofthe kind of problem frequently encountered with universal crossed-molecular beams machines. CH 3 radical exhibits a major peak in its mass spectrum at inlz = 15 (CH/). NH 2 radical can be detected at m/z = 16 (NH 2 +). Painfully, the EI mass spectrum of CH 4 , an important residual gas in most mass spectrometers has two peaks of near
equal abundance, CH/ (rnlz =16) and CH/ (m/z = 15). Indeed in the ele~tron impact work, detection ofNH 2 was impossible since," ... high background obscured the extremely weak signal at m/z = 16 ... " (9) .
In addition to residual Methane in the detector, the operation of the methylamine molecular beam causes the partial pressure of this species to rise significantly in the detector. The EI mass spectrum of this species has major peaks at m/z = 31-27 and 15. In order to identify reaction R-1 unambiguously, one needs to record TOF spectra of CH 3 and NH 2 • This data can then be used to derive the center-of-mass translational energy distribution for this reaction. If this analysis is successful, the two fragments are said to be "momentum matched". Such terminology is used to indicate the fact that conservation of momentum and energy allows the CH 3 TOF spectrum to be determined from the NH 2 TOF and vice versa. If this analysis fails, it means that the two observed fragments are formed in different dissociation processes.
This process of "momentum matching" the TOF spectra is crucial to the analysis of data obtained with EI, since dissociative ionization of larger neutral fragments can complicate the data. For example in the electron impact study mentioned above the m/z = 15 TOF spectrum ~as contributions from CH 3 , NH 2 , CH 3 NH .and CH 2 NH 2 (9), the last two of which were formed from other photodissociation pathways: 
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By tuning the wavelength of the light between 12.51 and 11.14 eV the background can be completely suppressed. In practice, because the cross-section of each process is small near threshold, one can increase the PI energy to 13 eV in this example, where it was found that one obtained the maximum sensitivity for PI of products while still suppressing background. Figure 7 shows the TOF spectra for m/z=15 and 16 at 8=25° obtained from 4 x 10 5 laser shots.
The solid lines passing through the data are the result of the forward convolution analysis used routinely for such experiments. The good fit to each TOF spectrum indicates that the products are momentum mat9hed and that these TOF spectra have no contribution from other photodissociation pathways. The H-atom loss channels could however, be easily detected by adjusting the quadrupole mass spectrometer to observe m/z =30 and was found to be a much stronger signal, confirming that it is the dominant This example demonstrates the consequences of suppressing dissociative ionization using the wavelength tunability of the undulator. Clearly, one can suppress background from residual gas yielding in this case high signal-to-noise data at m/z = 16. Furthermore dissociative ionization of larger molecules, both dissociation parents and daughters have been suppressed, greatly simplifying the momentum matching procedure.
b. Photodissociation of Ozone at 248 nm
Experiments investigating the necessity of harmonic suppression and k.inetic energy resolution of the new machine have also been carried out. Specifically, a molecular beam of 5% 0 3 seeded in c.
Photodissociation of Oxalyl chloride
As mentioned above, the synchrotron radiation generates very -little heat in the detector allowing the use of cryogenic cooling around the PI region. In order to investigate the usefulness of this design was formed by expanding a 17% mixture of propane in Helium through a 0.010" diameter stainless steel.
orifice. The peak velocity of this beam was I 080 ± I 00 m/s. The arrival time distribution of the -15-reaction products was obtained using cross-correlation time-of-flight methods. Detection of the propyl radical, C 3 H 7 , was accomplished with PI using the output ofthe U-10 undulator tuned to 9.5 eV. In addition to the Argon gas filter, a MgF 2 window was used as an 11.2 eV cut-off filter.
The Newton diagram in fig. 10 enter the detector at a give scattering angle. Indeed, the angular distribution of the propyl radical is broad with significant product flux in the forward and backward hemispheres and substantial signal was observed from -10° to 100°.
This reaction presents some of the most difficult problems that arise in reactive scattering experiments. H-atom transfer reactions such as this one are particularly difficult to study in crossed molecular beams experiments, due to the fact that the product mass is only removed from that of one of the reactants by one atomic mass unit. This presents two difficulties. First, if one want to detect PI overcomes these problems. By tuning the undulator to 9.5 eV we were able to ionize the propyl radical (I.P. = 8.09 for n-propyl and 7.36 eV for iso-propyl radical) without significant ionization of propane (I.P. = 10.95 e V). This allowed us to lower the mass resolution of the quadrupole mass spectrometer to increase the ion transmission and instrument sensitivity. . We also appreciate the excellent jobs done on the bearnline by the LBNL engineering staff, and all the support from the ALS staff.
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Figure Captions Narrow tubes located 4" 6" and 1 0" away from the centerline of the machine are used for introducing the synchrotron radiation. The port located 6" from the rotation axis has been used in all of the work described here. This common hydrocarbon free radical is detected with essential no background in a crossed molecu~ar beams experiment whose Newton Diagram is shown in figure 10 .
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